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Abstract 

Due to the new source of flavor changing(FC) couplings in some new physics models, the 
production rates of FC processes can be greatly enhanced in these new physics models and some 
FC processes might be observable. So the FC processes open an ideal window to probe new 
physics due to their clean SM backgrounds. In this paper, we study some bottom and anti- 
strange production processes at the ILC in the littlest Higgs model with T-parity(LIIT), i.e., 
e~^e~ — > bs and 77 — > bs. In the LHT model mirror quarks induce some new FC couplings and 
the cross sections are sensitive to the mirror quark masses. With large mirror quark masses, the 
cross sections can be large enough to make the processes observable. If these FC processes are 
observed at the ILC, one can obtain up-limit of mirror quark masses. 

PACS numbers: 14.65.Ha,12.60.-i, 12.15.Mn,13.85.Lg 



Electronic address: wangxuelei@sina.com 



I. INTRODUCTION 



The Standard Model(SM) suffers from shortcomings, such as the hierarchy problem, 
Little Higgs model offers an alternative route to solve this problem[l|. The littlest 
Higgs(LH) model is the most economical implementation of the little Higgs ideaQ], but 
is found to be subject to strong constraints from electroweak precision tests 3. To solve 
this problem, one of the most attractive models is proposed which is just the littlest Higgs 
model with T-parity(LHT)[4:], where the discrete symmetry forbids tree- level corrections 
to electroweak observables, thus weakening the electroweak precision constraints. In this 
model, the flavor structure is richer than the one of the SM, mainly due to the presence 
of three doublets of mirror quarks and three doublets of mirror leptons and their weak 
interactions with the ordinary quarks and leptons. Such new fiavor-changing(FC) inter- 
actions can have crucial phenomenology. One of the most important phenomenologies is 
the FC processes induced by the PC interactions in the LHT model. As we know, the SM 
does not contain the tree-level FC neutral currents, though it can occur at higher order 
through radiative corrections. Because of the loop suppression, these SM FC effects are 
hardly observable. The new FC interactions in the LHT model can significantly enhance 
the FC processes which maybe make some FC processes observable. So the FC processes 
can open an ideal window to probe the LHT model. 

The impact of the FC interactions in the LHT model on the B and D systems has 
been firstly explored in the paper and found constraints on the mirror fermion mass 
spectrum from a one-loop analysis of neutral meson mixing in the B and D systems, 
following by series of extensive studies of FC transitions in the LHT modelp. 



Specially, the group of Blanke et al have extended the analysis of Ref. [6| to included 
all prominent rare K and B decays and a collection of Feynman rules including j p 
contributions is given for the first time^]. The FC interactions in the LHT model can 
also induce the loop-level tcV{V = 7, Z, q) and bsV couplings. The tcV can contribute 
to the rare top quark decays t — > c\^[ll[ and some FC production processes eg et[l^. 
e+e-(77) ^ tc(l3|, pp tc{tV)fL^. On the other hand, the paper [IB'] has performed 
a collective study for the various FC decays of B-bosons, Z-boson and Higgs boson, and 
found that the LHT predictions significantly deviate from the SM predictions. With the 
FC interactions bs^{Z), bs can be produced via e^e^ or 77 collision, and in this paper 
we study this FC bs production at the International Linear Collider (ILC). 

The International Linear Collider (ILC) with the center of mass(c.m.) energy y^=300 
GeV-1.5 TeV and the yearly luminosity 500 fb~^ has been planned [l6|. Due to its rather 
clean environment and high luminosity, the ILC will be an ideal machine to probe new 
physics. In such a collider, in addition to e^e~ collision, one can also realize photon- 
photon collision. One might observe the clue of the LHT model and study the properties 
of FC interactions via these FC processes at the ILC. 

This paper is organized as follows. In Sec. II, we briefly review the LHT model. Sec. HI 
presents the detailed calculation of the production cross sections of the processes. The 
numerical results are shown in Sec. IV. We present conclusions in Sec.V 
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II. A BRIEF REVIEW OF THE LHT MODEL 



A detailed description of the LHT model can be found for instance in js], 0], and here 
we just want to briefly review the flavor structure of the LHT model and the content 
related to our calculation. 

The LHT model is based on a non-linear sigma model describing the spontaneous 
breaking of a global SU{5) down to a global 5*0(5). This symmetry breaking takes place 
at the scale / ~ 0(TeV). From the SU{5)/ S0{5) breaking, there arise 14 Goldstone 
bosons which are described by the "pion" matrix H, given explicitly by 
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Here, H = {-i7T+y/2, {v + h + m^)/2Y plays the role of the SM Higgs doublet, i.e. h 
is the usual Higgs field, v = 246 GeV is the Higgs VEV, and n"^, are the Goldstone 
bosons associated with the spontaneous symmetry breaking SU{2)l x f/(l)y U{l)em- 
The fields r] and uj are additional Goldstone bosons eaten by heavy gauge bosons when 
the [SU{2) X f/(l)]2gauge group is broken down to SU{2)l x f/(l)y. The field $ is a 
physical scalar triplet with 



'V2 



(2) 

In the LHT model, a T-parity discrete symmetry is introduced to make the model 
consistent with the electroweak precision data. Under the T-parity, the fields $,ci;, and 
r] are odd, and the SM Higgs doublet H is even. The Goldstones oj, and rj are present in 
our analysis. 

In the gauge sector, T-parity is realized by the automorphism T" T° and A° — >■ 
—A". As a result, T-parity interchangings the two sets of gauge bosons. 



(3) 



T-parity requires the two sets of gauge couplings to be identical: Qi = 92 = ^f^Q and 
9i = 92 — V^S' • The gauge bosons form a light and a heavy linear combination: 

WS = ^iWr + W2n, BL = ^iB, + B2), (T-even) (4) 

with masses from usual electroweak symmetry breaking, and 

^H = ^m-W^), Bh = ^{B,-B2), (T-odd) (5) 

with masses of order / generated from the non-linear sigma model. After electroweak 
symmetry breaking, the light gauge bosons mix to form the usual physical states of the 
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SM, Al = c^Bl - SujWh = s^Bl + c^WKc^ = cos9^, = sinO^, 9^ is Weinberg 
angle)and = (Wl =F WD/y/^. Similarly, through electroweak symmetry breaking, 
neutral components of and B^ are mixed and form mass eigenstates Ah and Zh- 
The masses of the heavy bosons are obtained as 

M^± = Mz, = gf, Mah = (6) 

The Ah is always lighter than the other T-odd gauge bosons and thus a good candidate 
for the lightest T-odd particle and dark matter. 

A consistent and phenomenologically viable implementation of T-parity in the fermion 
sector requires the introduction of mirror fermion. T-even fermion section consists of the 
SM quarks, leptons and an additional heavy quark T+. The T-odd fermion sector consists 
of three generations of mirror quarks and leptons and an additional heavy quark T_ . Only 
the mirror quarks {uh, dn) are involved in this paper. The mirror fermions get masses 

2 2 

m^H, = V2Ka{l -^) = rriH.a - (7) 



m 



1 = V2Kif = niH,, 



where the Yukawa couplings Ki can in general depend on the fermion species i. 
In this paper only mirror quarks are relevant. We will denote them by 



Uh \ Uh \ Uh 



(8) 



with their masses satisfying to first order in v/ f 

mln^m^dH, mlH^mlH, rnlH^mln- (9) 

The mirror fermions induce a new flavor structure and there are four CKM-like unitary 
mixing matrices in the mirror fermion sector: 

Vh^, Vh,. Vh,. Vh.. (10) 
In the course of our analysis it will be useful to introduce the following quantities: 

_ \r*is-irid Ad) _ Tr*ibjrid _ jr*ibj/is z",- _ 1 o q\ /iiN 

Si — ^Hd^Hd^ Si —^Hd^Hdi Si —^Hd^Hdi — ^) <Jj) \^^) 

The Vh^ is parameterized with three angles 9f2, ^23; ^13 three phases 5^2, (^23) <^i3 

/ '^12'^13 sf2cf^e~''^'^^ .S^^oR""^" 



V, 



Hd 



„d „d „iSio nd od od cKSf-^—Si^) nd nd cd nd „d oMS^'i—Sfo—So-i) nd „d „— i5o, ^llO'^ 

■512^23^ ~ Ci2-S23'^13^ '^12^21, ~ ■Sl2'S23'5l3'2 -523^136 ^ ^^"^J 
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III. THE BOTTOM AND ANTI-STRANGE QUARK PRODUCTION IN THE 
LHT MODEL AT THE ILC 



We have mentioned that there are FC interactions between SM fermions and T-odd 
mirror fermions which are mediated by the T-odd heavy gauge hosoia.s{Ai{, Z^^W^) or 
Goldstone bosons (17, tu", tu^). The relevant Feynman rules can be found in Ref. [7|. With 
these FC couplings, the loop-level FC couplings bsZ{'y) can be induced and the relevant 
Feynman diagrams are shown in Fig.l. As we know, each diagram in Fig.l actually con- 
tains ultraviolet divergence. Because there is no corresponding tree-level bsZ{'y) couplings 
to absorb these divergences, the divergences just cancel each other and the total effec- 
tive 65^(7) couplings are finite as they should be. The effective one loop-level couplings 
bsZi^j) can be directly calculated based on Fig.l. Here we use the method introduced 
in Ref.[l7| to obtain the effective vertex bsZ{'y) firstly. Such method can greatly sim- 
plify our calculations since it avoids repetition of the evaluation of a same loop-corrected 
vertex in different places, or in different processes. Their explicit forms, T'^g^{ph,ps) and 
^bsziPb^Ps)^ are given in Appendix A. The study has shown that the FC couplings bsZ 
can largely enhance the branching ratios of rare Z boson decay Z 6s[l5|. On the other 
hand, the FC couplings bsZ{'y) can also contribute to the bs production via the processes 
e"'"e~(77) bs. We will discuss these processes in the following. 

A. The production amplitudes of the process e+e" bs 

In the LHT model, the existence of the FC couplings bsZij) can induce the process 
e^e^ bs at loop-level via s-channel. The corresponding Feynman diagram is shown in 
Fig. 2 (A). The production amplitudes are 

Ma = mi + mI, 

with 

M\ = -eG{pi + P2,0)Ub{P3)'rbs^iP3,P4)Vs{P4)Ve+{P2huUe-{Pl), (13) 

M| = ■^G{pi+P2,Mz)Ub{p3)Tlz{P3,P4)Vs{p4)Ve+{p2hu (M) 
x[{-^ + sl)PL + slPR]Ue-ipi). 

Where Pl = |(1 — 75) and Pr = |(1 +75) are the left and right chirality projectors. pi,P2 

are the momenta of the incoming e~^,e~, and ^3,^4 are the momenta of the outgoing 

final states bottom quark and anti-strange quark, respectively. We also define G{p, m) as 
1 

p^—m? ' 

B. The production amplitudes of the process 77 — > hs 

On the other hand, a unique feature of the ILC is that it can be transformed to 77 
collision with the photon beams generated by using the Compton backscattering of the 
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initial electron and laser beams. In this case, the energy and luminosity of the photon 
beams would be the same order of magnitude of the original electron beams, and the set 
of final states at a photon collider is much richer than that in the e^e~ mode. In the 
LHT model, bs can also be produced through 77 collision. The process 77 bs has 
some advantages in probing new physics. Firstly, unlike the process e~^e^ — > bs, which 
is induced by s-channel and its production rate is suppressed in high energy collisions, 
there are t— and m— channel contributions to 77 bs and thus its cross section may be 
much larger at the ILC. Secondly, the process 77 — > bs is essentially free from any SM 
irreducible background. So the realization of the photon collider will open a wider window 
to probe new physics. The relevant Feynman diagrams of 77 bs in the LHT model are 
shown in Fig.2(B-C). The invariant production amplitudes of the process 77 — > bs can be 
written as: 

Mb = \eG{p3 - Pl,ms)Ub{P3)'rbs'yiPS^Pl - P3)^f^iPl)i]^3 - A + ^s)AP2)MP4), (15) 



Mc = -eG{p2 - Pi,mb)ub{p3)i{pi){^2 - + nib)Tl-^{p2 - P4,P4)ef,{p2)i^siPi)- (16) 

With the above amplitudes Mb, Mq, we can directly obtain the production cross section 
a{s) for the subprocess 77 bs and the total cross sections at the e~^e~ linear collider 
can be obtained by folding a{s) with the photon distribution function F{x) which is given 
in Ref.H, 



^max r'^vnax 

dxi I dx2F{xi)F{x2)cT{s) 

min min-^ max I ^ \ 



(17) 



where s is the cm. energy squared for e^e~ . The subprocess occurs effectively at s = 
X1X2S, and Xi are the fractions of the electron energies carried by the photons. The explicit 
form of the photon distribution function F{x) is 
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and 



F{x) 



1-X + 



1 



Ax 



+ 



Ax^ 



1-X ^(I-X) ^2(1-X)2_ 



1-^-^)1^(1 + 



1 

2 



AEqujo 



mi 



^ 2(1 + 0^^ 



;i8) 



(19) 



(20) 



Eq and ujq are the incident electron and laser light energies, and x = oj/ Eq. The energy uj 
of the scattered photon depends on its angle 6 with respect to the incident electron beam 
and is given by 



i + (|;)^ 



(21) 
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Therefore, at ^ = 0, u = Eq^/{1 +C) = ujmax is the maximum energy of the backscattered 
photon, and Xmax = ^^^^^ = Y+f- '^'^ avoid unwanted e~^e~ pair production from the 
colhsion between the incident and back-scattered photons, we should not choose too large 
ujq. The threshold for e~^e~ pair creation is ujmax^o > ^1, so we require Umax^o < "Re- 
solving Ujnax^o = we find 

^ = 2(1 + v^) = 4.8. (22) 

For the choice ^ = 4.8, we obtain Xmax = 0.83 and D[C,max) = 1-8. The minimum value 
for X is determined by the production threshold 

^min 

•^max^ 

Here we have assumed that both photon beams and electron beams are unpolarized. 
We also assume that, the number of the backscattered photons produced per electron is 
one. 



(mf, + m,)2. (23) 



IV. THE NUMERICAL RESULTS OF THE CROSS SECTIONS FOR THE PRO- 
CESSES e+e-(77) ^ bs IN THE LHT MODEL 

To obtain numerical results of the cross sections, we calculate the amplitudes nu- 
merically by using the method of reference [l9| . instead of calculating the square of the 
production amplitudes analytically. This greatly simplifies our calculations. There are 
several free parameters in the LHT model which are involved in the production amplitudes. 
They are the breaking scale /, the masses of the mirror quarks mii^{i = 1, 2, 3) (Here we 
have ignored the masses difference between up-type mirror quarks and down-type mirror 
quarks), and 6 parameters(6'f2, ^fs, ^23^ ^125 '^135 ^23) which are related to the mixing 
matrix Vh^- In Ref. 0, 0] the constraints on the mass spectrum of the mirror fermions have 
been investigated from the analysis of neutral meson mixing in the K, B and D systems. 
They found that a TeV scale GIM suppression is necessary for a generic choice of Vh^- 
However, there are regions of parameter space where are only very loose constraints on 
the mass spectrum of the mirror fermions. Here we study the processes e^e~(77) bs 
based on the two scenarios for the structure of the matrix Vh^, as in Ref. |1 1| . i.e., for case 
I 

= ^CKM- 

For case II, is a free parameter, while other parameters in the matrix Vnd are assumed 
as 

S^^ = = 0, ^ < < 0.99, 5 X 10^^ < < 2 X 10~^ 4 x 10^^ < 5^3 < 0.6. 
v2 

To fix matrix Vnd in Case II, we adopt the upper limit and down limit of sfj, respectively, 
CaseII{l) : ^^^2 = ^1^3 = ^23 = 0, 4 = 4 = 5 x 10-^ 4 = 4 x lO'^, 
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CaseII{2) : 5^^ = S^^ = S^^ = 0, sf^ = 0.99, sj^ = 2 x 10-^ sf^ = 0.6. 
In both cases, the constraints on the mass spectrum of the mirror fermions are very 



relaxed. On the other hand, the Ref.[20| has shown that the experimental bounds on 
four-fermi interactions involving SM fields provide an upper bound on the mirror fermion 
masses and this yields tuh, < 4.8/^. In our calculation, we also consider such constraint. 
For the breaking scale /, we take two typical values: 500 GeV and 1000 GeV. To get 
the numerical results of the cross sections, we should also fix some parameters in the 
SM as nib =4.7 GeV, m, =0.095 GeV, si =0.23, Mz =91.87 GeV, = 1/128, and 



V = 246 GeVj2l|. For the cm. energies of the ILC, we choose ^/s = 500, 1000 GeV as 
examples. On the other hand, taking account of the detector acceptance, we have taken 
the basic cuts on the transverse momentum(pr) and the pseudo-rapidity(?7) for the final 
state particles 

Pt > 20GeV, \ri\ < 2.5. 

The numerical results of the cross sections are summarized in Figs. 3-5, and the anti- 
bottom production is also included in our calculation. In Figs. 3-5, we plot the cross 
sections of the processes e"'"e~(77) ^ 6s as a function of Mfj.^ for case I and case II, 
respectively. In case I, the mixing in the up type gauge and Goldstone boson interactions 
is absent. In this case there are no constraints on the masses of the mirror quarks at one 
loop-level from the K and B systems and the constraints come only from the D system. 
The constraints on the mass of the third generation mirror quark are very weak. Here 
the other constraint rriH, < 4.8/^ should also be considered. So we take itlh.^ to vary 
in the range of 500 - 1200 GeV for / = 500 GeV and 500 - 4800 GeV for / = 1000 
GeV, and fix niHi = m//2=500 GeV. We can see from Fig. 3 that both cross sections of 
the processes e'^e'^ — > bs and 77 — >■ bs rise very fast with the mn-i increasing. This is 
because the couplings between the mirror quarks and the SM quarks are proportional to 
the masses of the mirror quarks. The masses of the heavy gauge bosons and the mirror 
quarks, Mv^ and uih^, are proportional to /, but the cross sections of both processes are 
insensitive to the scale / because the production amplitudes are represented in the form 
of niHilMvu- For Case 11(1) and Case 11(2), the dependence of the cross sections on m/^g 
is presented in Fig. 4-5. In this case, the constraints from the K and B systems are also 
very weak. Compared to Case I, the mixing between the second and third generations is 
enhanced with the choice of a bigger mixing angle S23. Even with stricter constraints on 
the masses of the mirror quarks, the large masses of the mirror quarks can also enhance 
the cross sections significantly. The dependence of the cross sections on ruH^ is similar 
to that in Case I. In both Case I and case II, the cross section of 77 bs is several 
orders of magnitude larger than that of e^e~ — *• bs. So the process 77 — > bs benefits 
from a large cross section. In order to provide more information for ILC experiments to 
probe the LHT model via the bs production, we also give out the transverse momentum 
distributions of the bottom quark in Fig.6. We fix -^i = 500 GeV, / = 500 GeV, 
mijj = = = 1000 GeV for both Case I and Case II. We can see that the 

pj distributions of two processes are very different. The pj distribution of the process 
e~^e~ — i> bs increases with pj increasing, but the p'[ distribution of the process 77 — >■ bs 
decreases sharply with pj. These two processes can provide complementary information 
in different transverse momentum space. 
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V. CONCLUSIONS AND SUMMARIES 



In this paper, we study two FC bs production processes in the LHT model at the ILC, 
i.e., e"'"e~ —>■ bs and 77 bs. There exist some new sources of FC couphngs in the 
LHT model, so the cross sections of these processes are significantly enhanced. The cross 
sections are sensitive to the mirror quark masses very much and the large mirror quark 
masses can enhance the cross sections to the observable level of ILC experiments. 
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Appendix A: The explicit expressions of the effective bsZ{'y) 

couplings r^,^, rf^-z 



The effective bsZ{'~f) couplings T^^^, T'^-^ can be directly calculated based on Fig.l, 
and they can be represented in form of 2-point and 3-point standard functions Bq,Bi, Cij. 
In our calculation, the high order 1//^ terms in the masses of new gauge bosons and in 
the Feynman rules are ignored. F^^^ and F^^^ depend on the momenta of bottom quark 
and anti-strange quark {pb,Ps)- Here pb and Ps are both outgoing momenta. The explicit 
expressions of F^-^, F^-^ are 



eg" 



^bs^{V°) - 167r2 300M2 ^^Hdyibi^Hd)isA 



Ah 
2 



A = [ 2 o i'^HiBoi-Pb, mm, 0) - mHiBo{-ps, mm, 0) 



2 

+mHiBi{-pb, mm, 0) - mlBi{-ps, mm, 0)) H 2 _^ 2 ^^^HiBo{-Ph, mm, 0) 

m^ mg 

-mjj^Bo{-Ps, mm, 0) + m^-Bi(-p6, mm, 0) - mjj^Bi{-ps, mm, 0)) 
+ml,{ml{C^, + Ct, + C«) + m^(C|2 + C«2 + C^>) + 2p, • ^,(^3 + C^^2) 

- m|,Co") + m^m^(Q, - C«2)]7''^'l + [^^(mL(2So(-p,, m^,, 0) 

-2Bo{-ps,mm,0) + Bi{-pb,mHi,0) - Bi{-ps,mm,0)) + mlBi{-pb,mHi,0) 
-mlBi{-p„ mm, 0)) + m^.mbm,(Qi - Q2 + SCq") + mbm,(m2(C2"i + Qi) 
+m2(Q2 + Ci"2) + 2pb ■ p-s{C^, + C^,) + 2C2"J]7'^Pr + [(-2mi,m5)(2Ci"i 
+Qi + Co") + m>,(C2"3 + Ct,MPL + [2rr4,m,(C2"3 + Q2 - Qi " ^^o) 
-2m,ml{CI, + C^^MPR + [-2ml,mb{2Ct, + Cfa) + 2mbml{Ct, + C^^MPl 
+[2ml,msCl2 - 2m,m^(C»2 + C^sMPr, 
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i GQ^ 

1 777-^ 

x{[(-o)( 2 2 (^HM-Pb,mHi,0) -mHiBo{-ps,mHi,0) 
6 mi — rrig 

+m^^5i(-p6, mm: 0) - mlBi{-ps, mm, 0)) 

2 

777- 

H — 2^^("^L-Bo(-P6, JTiffi, 0) - m^^So(-ps, m^, 0) + m^Si(-pb, m^fj, 0) 

-ml,B,{-p„ mm, 0)) + ^(m|,(m^((:72^ + C^, + Co^) + ml{C^,, + C^,, + C^) 

+2p, • p,(C2^3 + C^^) + 2C2^4 - m?,,Co^) + mlmUC^, - C^,)) - 2m'mCl,]rPL 

+ [(~o)(^ ^("^ffi(25o(-pfe,m//i,0) - 2Bo{-p^,mm,0) 

6 mi — mg 

+Bi{-pi„ mm, 0) - Bi{-ps, mm, 0)) + mlBi{-pb, mm, 0) 

2 

-mlBi{-ps, mm, 0)) + -{mmmbms{C^i - C^2 + SC'o) + mbms{ml{C^-^ 
+Ct,) + m^(C|2 + C^2) + 2pfe • P.-(C23 + C?2) + 2C2^4)) - 2m;.m,C|4]7'^Pfl 
+ [^(-2m|,m,)(2C^i + C^2i + ^o) + + C^?2) + ^6^71^(2^3 

+Cf2) - m^,,m;.(2C|3 + Cf2)]p^PL + [l(2m'mms(C'23 + C?2 - C'li - C'o) 
-2m,ml{C'2i + CI,)) + mi,m,(2Cfi + + 2CI3 + Cl,) - mlmsiSCf, 
+CI + 2CIMPr + [l{-2m'mmb{2Ct2 + C^^) + 2mbml{C',2 + ^^22)) 



+mt,mti'^Cl2 + Cf^) - mmmt,i2Cl^ + Cf,)]p'^PL + \-{2m\,mfil2 

-2m,ml{C'i2 + ^2^3)) + m\^rn,{2Cl2 + + 201^ + C^^) - mlm,{2Cl2 
+Cl + 2CI3 + Cl^W.Pn}, 



167r2 150 

C = [ „ Bi{-pb,mm,MA„) ^ Bi{-ps,mm, Ma^) 

m^ - mj mi — mj 

+ml{Ci + Ci,) + ml{Ct2 + ^^2^2) + 2P(. • P.-(Cn + ^2^3) + '^C^ 

+m,m,(Cf2 - Ct,)]rPR + [-2mb{Ci + Cf,)UPL + [2m,(C7fi + ^2^3)]^^/^ 
+ [-2m6(C2^3 + Ct^UPL + [2m,(Cfi + ^2^2)^^^, 
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o-^iV /^O) ""ill) -"-'vy_ff / 9 9^ 

"mg — — 



+[Smt,{Ci, + C{,) + A{C^, + 6Ci\ + 2CMPl + [-8m,{C{, + C4) 
+m,(2Ci\ + 2C^ - 4C^, - 6C^2MPr + [8m6(c4 + C(,) + mi,{AC^, 

+mf,m,C^2)]7'^^i? + [-2msCl]plPR + [2m,C5'2]prPL}. 



-'W 



-E^ = [ o o {'>TT'HiPo{-Pb, mm, 0) - mmBo{-ps, mm, 0) 
— 

2 

+mjjiBi{-ph, mm, 0) - mlBi{-ps, mm, 0)) H 2 ' o i^m^oi-Pb, mm, 0) 

— mg 

-mlM-p„ mm, 0) + mlB,{-p,, mm, 0) - m^,Si(-p„ m^., 0)) 
+m|,(m^(C|i + + C«) + m^(C2"2 + + C^o ) + ^Pb ■ P,{C^s + Q2) 
+2CI4 - m^,C«) + m>^(C«i - C^,)]rPL + [ 7!"% «^(2^o(-P6, 0) 

-2So(-p^, mm, 0) + Bi{-pb, mm, 0) - Bi{~ps, mm, 0)) + mlBi{-pb, mm, 0) 
-m^B^i-Ps, mm, 0)) + m|.mfem,(Qi - Q2 + BCq") + mfem,(m2(C2"i + CfJ 
+m^(C»2 + C^fs) + 2P6 • ^.(^2^3 + Q2) + 2C2"4)]7^i'R + [(-2mLm,)(2Cfi 
+C'2i + Q) + mlm,{C^,, + C^,,MPl + [2mi,m.(C2"3 + C^,, - Cl\ - Cq") 
-2msml{C^, + C^.MPr + [-2m''mm,{2C^, + ^3) + 2m,ml{C^, + C^^MPl 
+[2m''mmsC^2 - '^m^mUC^^ + C^-,MPr, 
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1 1 Tfl^ 

9 

+mjjiBi{-pb, mm, 0) - m^Si(-p^, m^ji, 0)) H ^ J' ^ {mmBo{-pb, mm, 0) 

-mHiBo{-ps,mHi,0) + mlBi{-pi,,mm,^) - mjj-Bi{-ps,mm,0)) 
+il - lsl){m'm{ml{C^,, + CI, + C^) + ml{C^,, + + ^^o) 

+ [(-1 + ^4)(^^^(^L(25o(-P6,m^.,0) - 2Bo{-Ps,mm,0) 
+Si(-p6,mijj,0) - Bi{-ps,mm,0)) + mlBi{-pi„mm,0) 
-mlB,{-p„ mm, 0)) + - ^4)(m2,.m6m,(C^i - C^^ + 3Co^) 
+m5m,(m^(C|i + C^i) + mUC'^^ + C^^) + 2p, ■ p,{C'^^ + C{^) + 2C'^^)) 
-2m,msCl,]YPR + [il - ^4)(-2<.m,)(2C[, + C^,, + C^^) 
+2m>i,(C|3 + + (m6rn2(2Cf3 + Cf,) - mmm,{2Cl, + Cf,)MPL 
+[(^ - ^4)(2mLm.(C2^3 + - CI, - C^) - 2m,m^(C,^ + C^J) 
+mi,m,(2Cfi + CI + 2Cf3 + Cl,) - m2m,(3Cfi + Cq^ + 2C|i)]p^P^ 

+ [(^ - ^4)(-2mLm,(2C^2 + ^^23) + 2m,m2(C^2 + C^,^)) 
+m,mli2Cl, + Cf,) - mmm,{2Cl, + C^MP^ 
+[(^ - lsl)i2m'mm,C^, - 2m,ml{C'i^ + C^^^)) + m^,m,(2C^2 
+ 2C2^2 + CI,) - mlms{2Cl, + Cf, + 2CI3 + CfJ^P^}, 
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^ 9 9^"^ 

^tszi^H) = ^,--VHa)l{VHd)^sG, 

1 1 Tfl^ 



2 



ml — ml 



Bi{-ps, mm, Ma„) + ml{Ci^ + Cfj + ml{Ct^ + C^^^) 



+ q4[^ ^(^i(-P6, "^ffi, ^Ah) - Bi{-ps, mm, Mah)) 

6 — mg 

+m,mg{Ct, - Ct,)]rPR + {-\ + \sl)[-2m,{Ci, + CI^Pl 
H-\ + ^4)[2m.(Cf, + C,^3)KP«+ (-1 + \sl)[-2m,{Ci, 



327r2 c_ 



Hd is 



1 1 2ml 



x{(-^ + 7Tg^)[ 2 '^ B^{-Pb,mm,Mw,) 

2ml 



ml — ml 



Bi{-Ps, mm, Mw„) - ^ml{Ci^ + C/j - 4m^(C|2 + C/2) 
-8pfe • p,(C/i + CI3) - 8CI4 + 4m|,C(f + 4C2\ + 25o(-p,-, Mw,, 

+ [o4 ^^^\ {Bi{-pt, mm, Mwh) - Bi{-pg, mm, Mw^)) 
6 m^ m^ 

-i'l + lsl)mbms{C(^ - C/i) + (-^ + )mfem,(Cf2 

-^0 - C'^i)]rPR + i-l + lsl)[8m,{Ci, + Ci) + 4(^2"! + 6C,\ 

+2C^,MPl + (-^ + \sl)[-8mg{Ci + CI3) + ms{2Cl, + 2Co^ 

-4C2^3 - ^C^PtPR + (-^ + ^4)[8m,(C|3 + C/i) + ^6(4C2^3 
-2Cf, - 6Cf2 - 2Co^)KP^ + (-1 + l4)[-8m3(C/, + ^2^) 
-msiC^^^ + Cl^MPR], 
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The three-point standard functions Cq, are defined as 









-Ps, 


mm, 0, niHi), 


^ij 






-Ps, 


mHi,0,mHi), 








-P-S, 


mHi,0,mHi), 


ci 






-P-S, 


mm, M Ah, mm). 






-Pb, 


-p-s. 


mm, MzH,mm), 


fif 


= 


-Pb, 


-p-s. 


mm,MwH,i^Hi), 


ch 


= 


-Pb, 


-p-s. 


0,mm,0), 






-Pb, 


-p-s. 


MwH,fnHi,Mwn), 






-Pb, 


-p-s, 


MwH,mm,0), 






-Pb, 


-Ps, 


Q,mm,MwH)- 
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Appendix B: The definitions of the standard functions 

The definitions of tlie two-point and tliree-point standard functions have been given 
in Ref. 2^, here we only show their definitions and explicit expressions related to our 
calculation. 

The functions Aq, Bq, B^, Cq, C^, C^,^ are defined as 



;Ao{m) = /i 



1677^ J (27r)"g2 — m^' 



;Bo, B^{p,mi,m2) = n"^' j 



1 

Y^Co, C^, C^yij), k, mi, 1712, ms) 



(27r)" (g2 — ml) [{q + pY — [{q + P + ky — m|] 
The explicit expressions of basic functions Aq, Bn{n = 0, 1), Cq are 



2 

Ao{m) = m^[A-ln— + l], 



n + l Jo /i^ 



Co(p, A;,mi,m2,m3) 
with 



dx dy[ax'^ + by'^ + cxy + dx + ey + f]~^ , 
Jo Jo 



a = —k'^, b = —p'^, c = —2p.k, d = —ml + ml + k"^, 
e = —ml + ml + p'^ + 2p.k, f = -ml- 

The definition of the divergent term A is 

1 Tl 

A = 7 + InAiT, e = 2 . 

e ' ' 2 

The functions B^, C^, C^u can be obtained based on the following relations 

B^{p,mi,m2) = p^Bi{p,mi,m2), 

C^{p,k,mi,m2,m3) = Pi^Cn + kf^Cu, 

C^y{p, k, mi, m2, mg) = pi^Pi^^Cai + P2fiP2uC22 + {Pii,P2v + ^11.^2^)^23 + 9txvC2i, 
and the function C24 is 

C24{p,k,mi,m2,ms) = ^ + ^[1 - Bo{k,m2,ms) + 2mlCo + fiCn + f2Ci2], 

with 

fi=ml-ml + p^, f2 = ml - ml + {p + k^ - p^ . 



The explicit expressions of other three-point functions Cij can be found in Ref. [22 
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FIG. 2: The Feynman diagrams of the processes e^e (77) — > hs in the LHT model. 
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FIG. 3: The cross sections of the processes e+e (77) — > hs in the LHT model for Case I, as a 
function of Mijg. 
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m„3 [GeV] [GeV] 
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FIG. 4: The cross sections of the processes e^e (77) — 6s in the LHT model for Case 11(1) , 
as a function of Mh^ . 
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m„3 [GeV] m„, [GeV] 



FIG. 5: The cross sections of the processes e^e (77) — hs in the LHT model for Case 11(2) , 
as a function of Mh^ . 
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FIG. 6: The transverse momentum distributions of the top quark for the processes e^e~ (77) 
bs in the LHT model. The up-left diagram is for Case I, the up-right diagram is for Case 11(1) 
and the down diagram is for Case 11(2). 
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